OPEN Q ACCESS Freely available online 



•0-PLOS I ONE 



Chromosomal Mapping of Repetitive DNAs in 
Triportheus trifurcatus (Characidae, Characiformes): 
Insights into the Differentiation of the Z and W 
Chromosomes 

Cassia Fernanda Yano 1 , Juliana Poltronieri 1 , Luiz Antonio Carlos Bertollo 1 , Roberto Ferreira Artoni 2 , 
Thomas Liehr 3 , Marcelo de Bello Cioffi 1 * 

1 Departamento de Genetica e Evolucao, Universidade Federal de Sao Carlos, Sao Carlos, SP, Brazil, 2 Jena University Hospital, Friedrich Schiller University, Institute of 
Human Genetics, Jena, Thuringen, Germany, 3 Departamento de Biologia Estrutural, Molecular e Genetica, Universidade Estadual de Ponta Grossa, Ponta Grossa, PR, Brazil 



Abstract 

Repetitive DNA sequences play an important role in the structural and functional organization of chromosomes, especially 
in sex chromosome differentiation. The genus Triportheus represents an interesting model for such studies because all of its 
species analyzed so far contain a ZZ/ZW sex chromosome system. A close relationship has been found between the 
differentiation of the W chromosome and heterochromatinization, with the involvement of different types of repetitive DNA 
in this process. This study investigated several aspects of this association in the W chromosome of Triportheus trifurcatus 
(2n = 52 chromosomes), including the cytogenetic mapping of repetitive DNAs such as telomeric sequences (TTAGGG)n, 
microsatellites and retrotransposons. A remarkable heterochromatic segment on the W chromosome was observed with a 
preferential accumulation of (CAC) 10 , (CAG) 10 , (CGG) 10 , (GAA) 10 and (TA) 15 . The retrotransposons Rexl and Rex3 showed a 
general distribution pattern in the chromosomes, and Rex6 showed a different distribution on the W chromosome. The 
telomeric repeat (TTAGGG)n was highly evident in both telomeres of all chromosomes without the occurrence of ITS. Thus, 
the differentiation of the W chromosome of T. trifurcatus is clearly associated with the formation of heterochromatin and 
different types of repetitive DNA, suggesting that these elements had a prominent role in this evolutionary process. 
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Introduction 

Fishes show huge chromosome diversity with interspecific 
variation in diploid numbers, the presence or absence of sex and 
supernumerary chromosomes and other polymorphic conditions 
[1]. However, most fish species do not show differentiated sex 
chromosomes. In fact, approximately only 10% of studied species 
present heteromorphic sex chromosomes, with the female 
heterogamety representing the most common case [2]. Included 
in this group is the Neotropical genus Triportheus. This genus is 
widely distributed in South America and can be found from 
Colombia to Uruguay. Sixteen species have been described for this 
group [3]; thus far, all show a conserved karyotype with 2n = 52 
and are composed of meta- submetacentric chromosomes together 
with a well-differentiated ZZ/ZW sex chromosome system [4—1 1]. 

High heterochromatin formation is clearly associated with W 
chromosome differentiation in Triportheus, similar to the majority of 
the ZW sex systems reported to date for fishes [reviewed in 12]. 
Among the different Triportheus species, the Z chromosome is 
conserved, but the W chromosome differs in size (from similar to 
the Z chromosome to much smaller) and in the amount and 



distribution of C-positive heterochromatin [7,10]. Therefore, the 
evolutionary dynamics of sex chromosomes in Triportheus appear to 
be similar to those of higher vertebrates,considering that several 
DNA repeats accumulate in the sex-specific chromosome, which 
results in its heterochromatinization. In some groups, however, the 
sex-specific W chromosome can also be larger than the Z 
chromosome as a result of a huge heterochromatin amplification. 
Such amplification has been observed in some lizard [13] and fish 
species, remarkably including those from the Leporinus genus and 
the Parodontidae family reviewed in [12]. 

The close relationship between heterochromatin formation and 
sex chromosome differentiation is widely known. In fact, during 
sex chromosome evolution, selection favors the restriction of sex- 
determining loci to a chromosome of the sex pair through 
recombination suppression [14]. With the absence of recombina- 
tion, repetitive sequences are amplified in the non-recombinant 
region, resulting in the heterochromatinization of the sex-specific 
chromosome, perhaps as a cellular defense against this amplifica- 
tion [15]. The heterochromatin of sex chromosomes has a 
complex composition that mainly contains in tandem repetitive 
sequences and interspersed elements, most of which are retro- 
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transposons [16]. Thus, repetitive DNA sequences play an 
important role in the structural and functional organization of 
heterochromatin and are key elements for the understanding of 
sex chromosome differentiation in many vertebrate species 
[17,18]. 

As in other vertebrates, the heterochromatin of the fish sex 
chromosomes is also enriched with repetitive DNA sequences, as 
shown by the isolation and mapping of several sex-specific 
repetitive DNAs in this group. Such data have proven to be 
important tools for clarifying the dynamic processes involved in 
sex chromosome differentiation and for understanding genome 
evolution in eukaryotes [reviewed in 19]. Therefore, in this study, 
we mapped 12 repetitive DNA sequences in the species T. 
trifurcatus to analyze the degree of repetitive DNA accumulation on 
the differentiated ZW chromosomes and their association with the 
evolution of this sex system. The results show that the differen- 
tiation of the W chromosome is clearly associated with the 
formation of heterochromatin and different types of repetitive 
DNA, suggesting that these elements had a prominent role in this 
evolutionary process. 

Materials and Methods 

Material Collection and Classical Analysis 

Seventeen individuals of Triportheus trifurcatus (nine males and 
eight females) from the Araguaia River (Brazil) were analyzed. The 
specimens were caught using a hand-net, and after capture, the 
animals were placed in sealed plastic bags containing oxygen and 
clean water and transported to the research station. The 
experiments followed ethical protocols, and anesthesia with clove 
oil was administered prior to sacrificing the animals to minimize 
suffering. The process was approved by the FAPESP committee 
under no. 2012/01778-2, and the collecting permit was obtained 
from SISBIO under no. 10538-1. Mitotic chromosomes were 
obtained from the anterior portion of the kidney, according to 
Bertollo and colleagues [20]. In addition to the standard Giemsa 
staining, the G-banding method [21] was employed to detect C- 
positive heterochromatin. 

Probe Preparation 

Oligonucleotide probes containing microsatellite sequences 
(CA) 15 , (CAA) 10 , (CAC) 10 , (CAG)i 0) (CAT),,,, (CGG),„, (GA) 15 , 
(GAA),o and (TA) 15 were directiy labeled with Cy5 during 
synthesis by Sigma (St. Louis, MO, USA), as described by Kubat 
and colleagues [22]. The retrotransposable elements Rex 1, 3 and 
6 were obtained by polymerase chain reaction (PCR) [23]. The 
18S rDNA probe, corresponding to a 1,400-bp segment of the 18S 
rRNA gene, was obtained via PCR from the nuclear DNA 
according to Cioffi and colleagues [24]. All probes were labeled 
with DIG-ll-dUTP using DIG-Nick-translation Mix (Roche, 
Mannheim, Germany) and were used for the fluorescence in situ 
hybridization (FISH) experiments. 

Fluorescence in situ Hybridization and Signal Detection 

FISH was conducted as follows: slides with fixed chromosomes 
were maintained at 37°C for 1 hour and were then incubated with 
RNAse A (10 mg/ml) for 1 hour at 37°C in a moist chamber. The 
slides were then washed with PBS for 5 minutes, and 0.005 % 
pepsin was applied for 10 minutes at room temperature. The slides 
were then washed again with PBS, and the material was fixed with 
1% formaldehyde at room temperature for 10 minutes. After 
further washing, the slides were dehydrated for 2 minutes each in 
sequential baths of 70%, 85% and 100% ethanol. The chromo- 
somal DNA was denatured in 70% formamide/2xSSC for 3 



minutes at 72°C. The slides were dehydrated again in a cold 
ethanol series (70%, 85% and 100%) for 5 minutes each. The 
hybridization mixture, containing 100 ng denatured probe, 
10 mg/ml dextran sulfate, 2xSSC and 50% formamide in a final 
volume of 30 (il, was heated to 95°C for 10 minutes and then 
applied to the slides. Hybridization was performed for a period of 
16-18 hours at 37°C in a moist chamber. After hybridization, the 
slides were washed for 5 minutes with 2xSSC and then rinsed 
quickly in PBS. Signal detection was performed using anti- 
digoxigenin-FITC (Roche) for the 18S rDNA probe and anti- 
digoxigenin rhodamine (Roche) for the Rexl, Rex3 and Rex6 
probes. Subsequently, the slides were dehydrated again in an 
ethanol series (70%, 85% and 100%) for 2 minutes each. After the 
slides were completely dry, the chromosomes were counterstained 
with DAPI/Antifading (1.2 mg/ml, Vector Laboratories). 

Telomeric (TTAGGG) n repeats were detected using a FITC- 
labeled PNA probe (DAKO, Telomere PNA FISH Kit/FITC, 
Cat. No. K5325) according to the manufacturer's recommenda- 
tions. 

Microscopy Analyses 

Approximately 30 metaphase spreads were analyzed to confirm 
the diploid chromosome number, karyotype structure and FISH 
results. Images were captured on an Olympus BX50 microscope 
(Olympus Corporation, Ishikawa, Japan) using CoolSNAP and the 
Image Pro Plus 4.1 software (Media Cybernetics, Silver Spring, 
MD, USA). The chromosomes were classified as metacentric or 
submetacentric according to their arm ratios [25]. 

Results 

Karyotyping and C-banding 

T. trifurcatus showed 2n = 52 chromosomes in both male and 
female specimens, with the karyotype basically composed of meta/ 
submetacentric chromosomes and a heteromorphic ZZ/ZW sex 
chromosome system. The Z chromosome is metacentric and the 
largest of the karyotype, while the W chromosome is submeta- 
centric with a significant reduction in size (Fig. 1). C-positive 
heterochromatin (C-bands) was observed in the centromeric 
region of most chromosomes. The Z chromosome also shows 
additional heterochromatic regions in both telomeres, while the W 
is almost entirely heterochromatic, except for its small short arm 
(Fig. 1). 

Chromosomal Mapping of Repetitive Elements 

The chromosomal mapping of microsatellite sequences gener- 
ally showed the same distribution pattern between the autosomes 
of males and females (Figs. 2 and 3). Most microsatellites were 
restricted to the telomeric regions, although some presented a 
more dispersed pattern in both the autosomes and the sex 
chromosomes. However, the W chromosome differed from the 
autosomes and the Z chromosome by a large accumulation of four 
microsatellites. Of these, (CAC), 0 , (CAG) 10 , and (TA), 5 presented 
strong signals in the centromeric/pericentromeric region, while 
the microsatellite (CGG),o accumulated across almost its entire 
length (Fig. 2). The Z and the W chromosomes showed a strong 
and dispersed differential accumulation of the microsatellite 
(GAA), 0 (Figs. 2 and 3). The microsatellites (CAA) 15 , (CAT),,, 
and (GA), 5 showed similar hybridization patterns between 
autosomes and sex chromosomes. Conversely, the microsatellite 
(CA), 5 showed interstitial signals in the long arm of the W 
chromosome, which is different from that observed in the 
autosomes and Z chromosome, where its accumulation was 
restricted to telomeric heterochromatin (Figs. 2 and 3). 
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Figure 1. Karyotypes of Triportheus trifurcatus female arranged from Giemsa-stained (above) and C-banded chromosomes (below). 

The ZW sex chromosomes are boxed. Note the conspicuous C-positive heterochromatin accumulated on the W chromosome. Bar = 5 u,m. 
doi:1 0.1 371 /journal.pone.0090946.g001 

The retrotransposons Rexl, Rex3 and Rex6 showed a dispersed telomeric regions of other chromosomes. However, while Rex 3 
distribution on most chromosomes of the complement (including was widely distributed throughout the whole W chromosome (with 
the Z chromosome) and a distribution in small clusters in the more intense accumulation in the telomeric region of the long 
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Figure 2. Mitotic metaphase chromosomes of Triportheus trifurcatus female hybridized with different labeled microsatellite- 
containing oligonucleotides. Chromosomes were counterstained with DAPI (blue) and microsatellite probes were directly labeled with Cy3 
during synthesis (red signals). Letters mark the Z and W chromosomes. Bar = 5 u.m. 
doi:1 0.1 371 /journal.pone.0090946.g002 
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Figure 3. Mitotic metaphase chromosomes of Triportheus trifurcatus male hybridized with different labeled microsatellite-containing 
oligonucleotides. Chromosomes were counterstained with DAPI (blue) and microsatellite probes were directly labeled with Cy3 during synthesis 
(red signals). Letters mark the Z chromosomes. Bar = 5 u.m. 
doi:1 0.1 371 /journal.pone.0090946.g003 



arms), Rex 1 and 6 preferentially accumulated in the long and 
short arms of the W chromosome, respectively. The mapping of 
the telomeric repeats (TTAGGG)n showed signals in both 
telomeres of all chromosomes (Figs. 4 and 5). 



Notably, a conspicuous 18S rDNA cistron occurs on the W 
chromosome, occupying a large extent of its long arm (Fig. 5). As a 
result, in all FISH experiments, the 18S rDNA probe was 
simultaneously applied to correctly identify the W chromosome 
(data not shown). 
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Figure 4. Metaphase plates of Triportheus trifurcatus probed with Rexl, Rex3, Rex6, and telomeric (TTAGGG) n sequences. These 
sequences show the general distribution pattern of these repeats on the chromosomes. Letters mark the Z and W chromosomes. Bar = 5 urn. 
doi:10.1371/journal.pone.0090946.g004 
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Figure 5. C-banding and the repetitive DNA distribution between the Z and W chromosomes of Triportheus trifurcatus. Note the 
preferential accumulation of heterochromatin and some repeats on the W chromosomes. 
doi:1 0.1 371 /journal.pone.0090946.g005 



Discussion 

One of the steps for sex chromosomes evolution is the 
accumulation of repetitive DNAs that is accompanied by a 
heterochromatinization process. The accumulation of repetitive 
elements on the sex chromosomes is favored by the absence or low 
frequency of recombination, which is caused by the structural 
and/or DNA changes that occur during the sex chromosome's 
differentiation process [26]. Despite this general rule, consensus 
indicates that not all events involved in the differentiation of the Y 
chromosome are necessarily valid for W chromosome differenti- 
ation [12,13]. In fact, sex chromosome evolutionary mechanisms 
occurred independently among lineages, including plants, insects, 
fishes, birds and mammals [27]. Among fishes, this scenario is 
evident because the W chromosome presents different morphol- 
ogies and sizes and, in some cases, is larger than the Z 
chromosome [28-31]. 

The heterochromatinization of the W chromosome that occurs 
in T. trifurcatus is also observed in other species of this genus, but 
with distinct distribution patterns. In contrast, the Z chromosomes 
of all species show the conserved feature of heterochromatin that is 
present only in both telomeric regions [7,11]. Moreover, the 
occurrence of a conspicuous 18S rDNA cistron on the W 
chromosome may correspond to a shared condition in Triportheus 
because all of the species analyzed to date showed this 
characteristic [8,32], with the exception of T. venezuelensis [9]. 
Certainly, the increase in heterochromatin has driven the 
differentiation of the W chromosome, as also occurs in other 
ZW systems in fishes such as Thoracocharax, Parodon, Leporinus and 
Apareiodon [12]. Additionally, the absence of interstitial 
(TTAGGG)n signals demonstrates that the origin of the sex 
system in this species did not involve rearrangements such as 



fusions and fissions, which is different from the scenario found in 
the formation of multiple sex chromosomes reviewed in [33] 
(Fig. 4). 

In addition to studies related to genes linked to the sex 
chromosomes, other research has been conducted on the mapping 
of repetitive DNA sequences. These approaches verifed through 
differential accumulation that these sequences have a prominent 
role in the evolution of sex-specific chromosomes [23,33]. Modern 
cytogenetic techniques that are more sensitive than C-banding 
have enabled the characterization of sex chromosomes across a 
wider range of species [13]. The FISH technique clearly 
demonstrated that some microsatellites accumulated preferentially 
in the heterochromatic region of the W chromosome, highlighting 
their probable role in the differentiation of these chromosomes 
(Figs. 2 and 5). This same feature was observed in other Triportheus 
species, such as T. auritus, where a large accumulation of several 
microsatellites was found on the W chromosome [34] . In T. auritus, 
only the (C) 30 microsatellite accumulated equally in both the W 
chromosome and the autosomes, while eight other microsatellites 
showed a large accumulation in the W chromosome, particularly 
in the heterochromatic regions, but not in other chromosomes. 
Concerning the Z chromosome, the distribution of the microsat- 
ellite repeats was similar to that found in the autosomes, thus 
reinforcing the hypothesis that the differential microsatellite 
accumulation between the Z and W was an essential step for the 
differentiation of the sex pair in Triportheus species. 

In other fish species, microsatellites also preferentially accumu- 
lated in the heteromorphic sex chromosomes. In fact, several 
microsatellites showed preferential accumulation in the hetero- 
chromatic region of the W chromosome in Leporinus species [35]. 
Similarly, the same pattern observed for the microsatellite (GAA) 10 
in T. trifurcatus was observed in the wolf fish H. malabaricus, with a 
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similar accumulation in both the X and Y chromosomes [36]. 
Thus, it is clear that the accumulation of microsatellites plays an 
important role in sex chromosome differentiation. However, 
microsatellites can present identical or different distribution 
patterns on the sex chromosomes of different species. For example, 
while microsatellites accumulate preferentially in the sex-specific 
chromosome in some species, in others, they have a widespread 
distribution among all karyotypes [22,36,37]. Indeed, microsatel- 
lites are dynamic components of the genome and are formed by 
distinct molecular processes such as DNA replication slippage or 
the insertion or deletion of one or more repeats that can also drive 
their genomic accumulation and distribution [38,39]. 

Transposable elements have the ability to copy or transpose 
themselves into non-homologous regions of a genome. These 
sequences can also show different evolutionary dynamics that 
result in small to large genomic fractions [17]. Among many 
retrotransposons, the Rex family has been widely analyzed in 
different fish species because its family members are abundant, 
and their distribution varies from a scattered pattern to 
preferential accumulation in certain regions of the chromosomes 
[reviewed in 19]. Our present data show that the distinct Rex 
elements accumulated in different ways in the W and in the other 
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